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The t@ory, design,@ effeo$.op o@.ing @ tlm.oonatanty
velooi& axtal-flow fan pp related-tothe ~oblem.of.high-altlttde.
airor+?teqgiqBa@ling.are disousasdin the.peeent.report. 2be ;
e+%ing .@wry gf.the ~lal-fl~ fpn, Iwlullng a diaovaaionof-“-c
tha fan l~ses.jla etiimd. ! lknxl*io@ aeeigpamk perf-w ‘
anoe krmulas are develop+.for. ataiwm-rot,or,rot w-stat= ,“EL@ . ‘:

rotm:d~ fan wxubinatione.Ch@a bawd on these,formulaqme
givento fwilit@e. performapoeoetimateeaml design. Scam illue-..
tr8tiyefan de~igne~e -e f~, an altit@e of 403000fee+. , “
F-s” the.eff.eotof a fan on wOling pcmar is q~it.ativoly
disowwd ~ illy8~at~. . ..... ,’.

““ & restitbof-the“preeent&& Ixlioatothat an”&ial-fl&
fan mtw”be wed to give’ a moderatepressurem$sq tQ.alargeflou
quantityof afi;that exietingthemy providesa satisfactorybasis
for the designof axial-flowf-j that t@ we pf .steticmary, guide
Tapes azd,. amal.l i+r tip qlear~oea i8 eeaent~m for effloientfan
design;that f- reqearoh.1sneedm g~ the developed of air-
foil se~iona eapda@ suitable.for wae iq hi@-speed, hi@-
ElolitlityI’6tortl;..thatthq 10880s.In*tqnal .000I*..powr at high
altitwlearelarge when $he ooqlingis margimal;~ “thatan”.axial-
flw fan mqrethan “-q for. itae~ ti.cocmling+oqer savedwhen
oooling.;oomlitionaare~ginqls . .. :.. .. .. -:.. ... .,...:” .. . .

Uwww@IDg “... .
.,.

Ae part of a &nerti @My Og warioumaapeotm.Oftie ProMa.
of M@-altitude engineoooling(see.refemenou1)) the thearys
designsad effeoton ooolingof the oonatant-velooityaxial-fl~
fan are- ocmnidersd in the prtiment report, .

. . . .
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An ulal-flow.ti “w be -tie.attvelgpa* 80. an engine-oooling
aid at high altlt~, wherethe ~oessary oooling~mure is not
entirelyavailableor where1 if obtainablewith large exit flaps
OXI flapdefleotlone,I@ resultingdrag wouldbe prohibitive.
Althoughthe fan itselfsotsprimarilyto inoreasethe pressure
of the air paseingthroughit j eeveral otherbeneficialeffeolm
result*cm itO UOe in 811dZ’p18110S. .

Shot, the prdeaureInormea of:the eO@b#IW a%, allowsa demease
in the ultim3tekhetio energyof the ooolingaiz followingthe air-
XO m * power aaved~In”thisway ~. be more than the puwer
required to drivethe fan,with a resultingInoreasein propulsive
effiohmy for the a&plane as a whols. This effeotwill be dis-
ouesedquantltativelyin a later eeqtion.

~, an 8xial-flowfan mount9d at the e@ranoe of a
OCM* ban debrecmethe lowerlimiyof oowling.Inletveiooi$y
fom awmth-entryfluu ml improvetheaxial velooitydistribution
=OuId the Imsidaof the Oowling. The reasonprobablyUes in the
faot thatothe pressurerise aorossa fan goes.up if the‘flowthrough
it &oes.a~ aml viue versa;henoe.,any vsqiationaIn the.axl.al
velooltydistributionin frontof the faq producedby bo@+y
layersaF by the attittieof the airplane tend to .be_ out by
suitable~edmre g5adientsproduoedby the fan....1+may also b6
mmtioned “thdt‘8;fti at the entranoe.of a cowling.18subJ6ct’to.
the smasangle-of-attaokeffeotsas a pqpeller; that 1s,.If t~”
fan axis Is tiltedupwardrelativeto the Inocauingfl~, the blades
on the downgoingside’aremore highQ loadedJ- henoe.~oduce a
higherpressurerise,than the bladeaon the upgoingSidet “

.. .

The de&n of an &hl-f’low: fan m~ ~ oa@&l ‘outwiti‘~:
ohswaoterietics~of itspower supply.in _. There =.e thee pri-
mary souroesof poweron an airplanein flight;namely,~~ e%k,
the er@ne exhaustgases,ad the motionof the @rplane relative
to.the air. The oorrespu devioesfcq tr.qnefe~i.iagthis.pcn@r
to the fan wouldbe a gear or dlreotdrivefrom thq engine,an
dumst-gae turbine,ad a windmill. Eaohdevloe.oan%. used
praotioablyto drivethe fan wd tibpohoioe+Jmrefaradependpon
mneiderationeof e~ine d oowlingdesign.

The theoryof the mnstant-velooityaxial-flowfan operati~
in an Inocmlpressiblefluid,togetherwith designformulash
oharte,.is presentedin the seotloneirmnedi@elyfollow-. The
designprooedure8s well as the oool~ possibilitiesat altitude
tif the axial-flowfan is then illustratedby the designof three
arrangementsof single-stageaxial-flowfan for operationat.
40,000feet. The oonoltiingseotlondealswith the interne2-
powerlossesIn a moling installation,with oanpressibillty
effeotsinol~.



I ‘“- ‘–

.

HAcA m I!for. ”uxue

%“’

Smmts.. .

-0 msmre ()+*, -. ““” “

Utatio~aaure .. ...

q0”&f”6bA-~~Uke”- “: - “ ::, - ;::. . .

velooity
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@ee-stream7elooity ..’. . ... ..

deneity .,

miwflow perunltarea(p~j . . . . .. .:. ..

quantityrate bf” flti . . “s s ●

mace rate of flow ..

heat rate of flow ~.. . ,.. . ..

..
poi9er

,.

effioienoy

caeaadespaoIng

relativeveloclty
..

x-dfiectlon(tangential)foroeper bladeper unit span

y-dlreotion(axhl) foroeper bladeper unit span
...”.. ..

“liftHper bladepr unit span.... ...
.

droulation

bladeohord .. ..

aeotlonllft Ooeffiolenti. . ‘“

aeotiondrag ooeffIoie.nt ... .

Bectioxipremduri#.ooe!FfiiY5ent;also,apsqlfloheat at”..
oon8tantpressure
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apeoifioheat at oonatarrtvolme

aeoticnltarqueOoeffloielrt

radial looatiomof bladeelanent

nondlmenaionalblade-elementrad@l looation (r/ho)

fan radlua at outer aeotion

fan radlua at hub aeotlon

~= velooity

velooltyIn rotationaldireotlon .

rotational6peed,revolution per unit time

ntatihr of blades

rotationparameter (COr/Vf)

olmulation parameter (r/Ovf); also,ratio of apeoif10
heate (o#J

mlldity (Bc/f!m)

tcm=que; also,temperature

averagemoler teunperatm-e

angle

blade

blade

of att.aok

angleimemred frau

an@o meeslrmflfl.wul

zerollft line to fan plane

Ohordllneto fan plkle

relativestrwm anglemeasuredfruarelativevelocitydlreotion
to fan plane

Collaraasoade lift faotor

Rwlen oaeoadethiokneeaoorreotion

bladeprofilearea

diameter;alao,reoiprooalof profileaepeotratio (S./o~)

.
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slopeof eeotionlli’tourve

az@e of attaok

oroaB-Beotionel

speed of Sound

. . .

fgr Zero lift

. .
Subscripts:

f

h

r

o

z

i

d

m“

P

x

7“

1

fl

f2

2

3

38

4

fan

hub taeotion
.,
,,.-.

\
ooolingre81t3t8ncie;also,mlxm:.

output; also,outer -:
..

totallees ‘ ... .

ideal;eleo,Inlet‘ .“.. .
,.

dlffueer;f3h0, dr~
..

mauentmh

preaeure . .

x dlreotion
..” .. .

y direotion: . -

entmmoe

upstreamof fm “

downstreamof.fan

oooling-reshtanoe

..
,.,

.

entranoe . ‘
. .

downstreamof ooollngresist=e
..

oooling-resietanoeexit “ : “. .. .
ultimateexit oditlk .

“.
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stator;also, stagnation - . ...“

t Ip olearanoe

maxiluum

. . . .
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O.FTHE AXIAL-3ELW FM

. . . .

The axiell-flowfan oonslstaeseential.bof one or more setsof
rotatingimpellervanee,hereinafteroal.led“rotors,n whlohmay be
operated in oonJunotionwith one or more aeta of stationaryguide
vanes,hereinafteroalled“statws.W (Seefig. 1.) A rotaroperating
aloneInoreasesthe statiopresemreadl puts kinstloenergyof rota-
tion intothe fluidpassingthroughI* in the axialdirection. A
statormay be usedbehindcm downstreamof the rota to oonvertthe
kineticener~ of rotationintoadditionalatatio-~eemrd inorease.
Thereis then a statio-p-essurerise aorossboth rotor d stator.
A statormay, on the otherM, be plaoedaheador upstreamof the
rota as in figure1. In this oaaethe atatm twistsml reduoes
the statiopressureof the flow,whioh is”then@raightened ard.
Inoreasedin pressureby the rotor.

The analysisof the axial-flowfan oan be greatlysimplified
if threeeffeatsare negleoted. The firstis mnoerned with the
VSriOUS bom-layer tiiOnS, the SO-Cdbd SSCOndSry f10WS,
whioharisein responseto the ~essure gradientsset up by the
fan operation.So far only a qualitativeinsightintotheme
pbenmena has been gained. (Seerefmence 2, eeo.V.) The semul
effeotis that of the radialvelooitieepralucedby nonuniformity
of pressureincreaseover the fan area. Rtien (referenoe2) has
investigatedthis effeot- givesa methodof averagingthe fan
blade-elementoharaoteristicscalculatedfor zero radialvelocities
for the determinantion of the over-allfan oheraoteristios.At the
designoperatingpointthe designobiterionis”unlfarmtotalpres-
sure,with the resultthatradialvelooitycomponentsami a nonuni-
fomu ener~ distributionin the flow throughthe fan do not erise#
Radialveloot;lesmay thereforebe rmgleotedif the desQn opehating
ootiitionsare adheredto. For other-operatIng oomiitions,at whioh
radialvelocitiesmay not be negligible,the averagingmethodof
referenoe2 oan be used. FinaUy, the spanwisemutual lnterferenoe
of the bladeelementsis negleoted.This assumptionIs well Jueti-
fiedwhen the blade circulationis oonstantalongthe span (the
designoodition) m when the numberof bladesis large,as in ~
axialfen designedfor high pressurerise.
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“ Coqsiderw? -; m%%s$}8
“;”‘%stiwedntha radialstatioad~n--szdl

,. , ..,-% Vl$??i!? ‘.. .~..af’lm~t U both aa cuialve~ooity
.-“.oaupomentVf ad an mtid+titi~ ‘ve.looitymmpmer$ U1.

Positivedtreotlonsze izil.ioatedby the -owe in the figme.
U the aaensuptlonsmade,Us annularset of bladesmay be “ .
regardedas a two-dimensionaloasoadeof a$rfoils. It 18 desired

i.%0 -SEJ the forms on m- eikfb-liof the oasoade in teams of a

lift ad drag fome analogous,if possible,to the foroeson an
isolatedairfoil. To.this - the oasosdeis regardedas station-
-, ita =18ind v610013Y w “beiz@#mpartqdin reverseto the

(~;flwo The eqaiatic@M continuity,~its theol?em,- the
mauentm.theor~ ~ then~pplibdto the fluidwithin~.e box
ABCI@’ wheme ABC @ l’l$Dsre relative*eamlines ami A?

.15uX m:GD”@e:.pqo~$ormI @ 2 pmqUel .tothe oasoadedimeotiop%
~:,dln8gbffQS%#<~e for @e ~ .JU@.+oted,with the rwult +ha@.
the flowisunifm att@@edt*Qr#g 1BZU12.

The equationof continuityis simply

\ (1):...

., :,:.,;* Ui’.l“ “:i
.S..::. h:,....

..-,;.

;! “:::::;:;:”; ;fi + (~ + ;;)2 :“

. . .

[ 1 [ ]
,1;“-’(2)= ~ + $ “Vfz +’”-(W,AJ- - ,:,..”” ... . z!.. “

1 t- .“. ‘.
..1

.,
:.1?,’ .+””.’”. ..

&C@ekmmntum theorem givesthe faoe ounponents “X” #ml .Y “on:the
“bl~ ..@~nt per unit lengthof bladespsn. If It”Is@_bered
thatthe pressuresat slmilsrpointson the strbsmlinss.’ABC. and

..YXD eme the aeuaeand If the continuityoondltlonof ~tlatlon(1)
is used,then the mcmehtmuequations&e :,: r.c..~.’”.

.. :..:.$ ....

. ,03?, usingBa’noulli’sequation12),
, . . ..... . ..

(4)

—- —. .. _—

.

_——.—
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J:;,. “ r =.E@ - ~):3,: .: . ..’.
,,y,.., ..:

Lm&’i’”\.;..,.’:.. -. - “.. :

. .

. . . . . .
,.....1.. . (5)
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. . .

.. . . (6)
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,. ..- . .

.;.w.;$p” :;.;.9.,.,“’,;1...... . .
“, “1: .. .

..!

.’ ., :...
.: ..:. .:: . .

. .:, ..,.
. . . . . .,., .. y.. . . .

The Cka&l A&J ::i.of9 *$One (3) d (4)%aeIB&w “
&a T

‘ “mbd
in equation.. .la tqyl .?!. .. elroumfercme a@ %Uldx5r‘bf”.ladeu.,.. .,.

●..,.... ... ... f:,

.,, #=y . “’”””J. ““......- ,..? ~:..

The qeity r &f iti ‘by:~ua~im (6) is the 6ir0uhti0n
aroud the bledeelement. The velooity w is th~ mean of the
relativevelooitlee upetrehmti d=h.@vmm’”tithe.apnulu8.l@r
largevaluesof the ratioo? bladeapaolngto blade - e/o, “the
velooity.w approxl.matqathe abtuql.flqw In whioh the bladeel&nt
sots. The llft “1 cm th& bladeehwurt sots.at $ightmg?.qsto the
-an relbtivevelooliiy .w,. in anaiogy Wit$ the 11*.;on an %aQla*ed
.alrf@ll.. In additiunto the lift thereIs a proftle drag d, .whloh
la pytqar”i~ aemaed”” to”aot tn the dlreotlauof w whereasIta
w~@e must h given~ aipbrl&mt”..Althoughthis ammauption.
is In .pki=or,&q dlaoulmdiIn thi$aeotmilmm Lolmee,“..it will be
at leaAttemporarilyretainedbb”baiane”tifIte elaspl.loity axl beoauee
the over-allerrcmis not Mrge..’.o “ -.

With the aid of equatisms
the mean relativevelooityoan
o 1s @ 100albladeohord,

(5) - (2),the lift,the drl?g,ad
be expressed‘noti*lonally. If

“=+=* (8)

.

“tl f”.’’..’o~a———
+ ,pl&o

‘“(9)
#m. ..-... . . .. .... . .-.

“.
.“.“.
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- ,.
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,..

e+’?,.- .--, . ‘.m ““ “m’10)
where,. :.

the rotatioqparameter

. .

‘1 .,:
., .,

,“

tieOlroulathn partnneter “ :

s. . . . . . .
:. “i. . .

,. ,. y+:”. . .; ..-. .. “, ... f....
the Holldlty

. . . . ,: . . . ‘.

. . “.. .+$=.S “.“”. .
. . ,., ..

a& “t- mean relative,atrem angle @ -is
pressure rise
the rotor.are
ymptmdlouhr

Ap d the torque. T- per
obtatned”by re.mlvlngthese

,.

1.

.

.“

ehcmi In figure2. The
unit iengtb6panwlae
faroeaparlal.leland

to the fan-axta. The tilmensionai resultsare

Thus; “, .
,“,

.“ Apf “ ‘
‘P=%

( ).
2.$ ‘Gcd%=27(Y N+vf

%=-+-”-.”.
%r qf

m. of the am+lua 1s .dQ4p where..

. .dQ=JaLrTf& ~ .“

.,

. .
,.

-, :..
... .“. .’. ,.

.. .,..“ .,
.. . .

of

(n)

(12)

(+3)

..
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.

dthepower lnlnlt,totheannulud is” :“ “

Whlohgives”a 19eotlon Offldenoy of

lJi!
FJq

(14)

(M)

Theeequantities,ae wll ae the pwseure “ad torque, * be maltably
Integratedover the fan area;but due aooountelmzldbe takenof the
tip-oleeranoe10EMMMilisouaeedlater.

By ueingequationa(8) ad (10)the olroulationpewmeter 7
mm be eliminatedfran equatione(11)@ (12),givingthe pressure
ad torquein termsof knownq-tities ami the lift - drag mef-
fioientsof the blade element. The problemthue resolves iteelf
Intothe determlnathn of the angle of attaok a of the blade
element.relativeto the mean flow w to give a lift ooeffiolent
01 ad the determinationof the ocrrespond~ drag ooeffloimt od.
Beforethesequestlans.are takenup, the fan losseswill be dtaouesed
- the performanceformulaeof variouaoanblnationeof rotcmand
8tatorderived.

FAN Imsm

Threemain ener&yloaek.eti one potentialaouroeof enargy
loss arisein the aotionof a rotor: (1) the prof iie-drag loetees
on the Ma&m, (2) the tlp-olearanoelosees,(3) the inner-wall
losses,d (4)the rotationalklnetioehergyof the flowdownetreem
of the rotor.

(1]The profiledrag of.the bladeelementhas been approx-
imatelytaken intoaooountby a drag at right angleeto the lift,
A more detailedanalyslaof a oaaoade,similarto that previously
givenfor the friotionlessoaeebut inoludlngthe effeot of”a wake
that dmrts f’ixmthe trailingedge of eaoh airfoiland paaaesdown-
streamwith gradually~eae$ng thiokneee,chowsthat equationa(1)
d (2)muet be altered, If the subaortpt Z denotesthe ultlmate
downstreamooditlon In whiohoaapletemlxlngof the wake hae
ooourred,then equation(2)for the preaaurerise hae an additional,
eaaentlallypositiveterm on tbe right-haxdeide. Thin term la a
funotionof the velooitieead d~neione of the wake at an arbi-
trarydownstreamlooatlon,and equation(2) ehowethat It is hvari-
aut withreepeotto diatanoedmnetreem frcnnthe 08S08de● It

.



EAcAAm Ho. Iall.e IJ

repuwent9 8 &ag In the axialMreotlon. me lift, aotlng perpen-
. dioulartg the mean flow,is ertlllgivenby equationa(5)to (7)

but, M Zich&l,with’the Slihar’ipt.“-2Lrafdrrlrig to ultimate --

stream oQlxUtlon6.

!mleresilltazxt!t’oroeonan”lds?follin80a80ade mqofocn&ee
be resolved, although scamwhatartlfiolally 4 view of the pre-
_ r=ks, IntoooinponentsIn aqr Ureotlon. It waa foml
In reference3 that, for a t@,oal mtar blade, the proftle-&ag

ooeffioientIn the nuwan-floudlreotlonwaa @eater than the i80-
latedaeotionvalueby about30 peroentld this f40t will be
used in the seotion ‘IlluetratireFan Deaigne.W It seems,however,
thatdragmeunaremetison alrfollsIn omwda Q40uldbe ~eemted
In tezmwof a more r~oue analysisauohaa Just lxxU9atpd.

(2) The tip-olearanaelosaea.ere wuaU& -h @!’eater-
the profile-dragloseee. They are.011U6dby flw leakageh
the high-~easme to the low-pressureaidearoti the bladetip.
The loea in effioienoydue to tip olearanoe1s evidenoedaO a
reduotlonIn ~eseure rice of the fen,the powertekenby the
fan remaldng aboutthe same for all olearanoes. This effeot
is probablylargelyoausedby turbulentmixingIn the axial
dlreotlone

In referenoe2, the tip-olearanoelosseswere detarmlned
experhentallyfor an eight-bladerotor-etatorcombinationwith
rotor solldlty u varyingfrcm0.79 at the hub to 0,52 at the
tip eeotion. The hub dlmueterwas 9.85 Inoheaand the outer-wall
diameterwae 19.7 inohea. 3Ygure3 presentsthe mean of ourvea
detemalnedfor threodiff~ent bladeloadings. The separate
ourvesdepartfranthe mean ~ about1 ~roent. The reduotbn In
pressure he to tlp ole~anoe IS large,about7.5 peroentfm a
oleareme of only 2 peroent of the blade epam

(3) The Inner-wall losaem -e oausad@ the ~ layer
Onmlnuer walloftherobr. Bytheaam ergument8apre-
vloualygimn theeelosaeaehouldalaomanlfeatthemselvesaa a
redtiion In ~essm rise. The dead alr at the hub, however,
1S sweptto the tip by the oentrlfugalt’oroeof rotorrotation,
with the resultthat theselosaea may be largely inoltded in the
tlp-olearanoeloekes.“Sunemeaeuranentsof wall losaea”In a
stationaryoaeode are given.In referenoe4. The resultsare
not.dlreotQa~l@le. @ a.rotor,~v~, beoa~ of t~ spen-
Wlm flow of dead @r Justmehtlon@, “
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. (~)The rotationalIdnetioenergyof the &wnetremE flowregme-
sentsa 1PS8 if It 10 * transfamsl to ~amre energyby a set of
etatia guidevanesor by othermeans. Thle loaa.repwsents a
drop

Wl!ll
Wwl

b preamre rise d 18 Inolded In equation (Ii) fen’.~; “

PISKmWCE &llWUASFORvARIO&M ~
.:. .

StatorUpstremaof Rotor “ . .. . .
;.

me ~~t ~. ~~h the.stat~ iS UPS*- of the ~~
be referred tu-Ew a ‘statm-rotarcaablnatdom’1Subsorlpt ~
~esignatastatorqu8ntitles;r, .rotcmquantities. . “ :

..?. .’
. . . . . . . .

The Initial flow Intoths statoris aeeuuaclto have no rota-
tiOti ~~~ti) that iSj “ U1 = O for the stators .The “flow

emerging frcm the etator Will Wve a r&tatdonalvelocltyomuponent
yeasVf that ie to mncel ~the rotationalvelooityomponent yfivf
of tlierotor. The produ@ yu (no subsorlpteare neceamry) i~
thereforethe mme for rotora%l atatorat any radiallooatlon;
henoe,for the statarthe relativevelocity .wJVf is, f?xm equa-
tion (10),

>

,“ ~=++(yy
.“. ,

fmi the lift coefficientIs givenby

. .
o~cl”= w

20
.: a -5- f

The preamre rise, whioh is negative,IS,

(16)..

. .

fra equation(If),

U1
hr the rotor,if it is rawnbbred that ~ =“70” a@ If the emall

*

effeotof’the etatordrag on the @ntum ‘_ throughthe etatqr
is neglected,there is obtainedfrcm equatione(8) - (10)to (12)
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. . . . .-.

“ ‘“%. .=.27YH.+(7U)2-
Wrq .:

.2?s
wJvf

(18)

(19) .

(20)

(21)

The ~essure rise for the stage1s the sun of equatlone(17)aril(19)
mlnuethe 10ssdue to tip olemanoe ‘Pt:

Apf .

%’=~

A relativelyelmpleexpressionfor the.~essure rlae In term
of the rotorllft ooeffloientO- be obtelnedby neglectingthe
dmg cd the tim-clearanoetermsIn eauation(22). whlohW be
omreoted’for
to ellmlnate

a&rwmS,’ @ oanbinl&“the.r&lt ‘yith6qua@n (21)
we Theresujti@ . ~. ..

L
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where

Equlltione (18)

~eewre rice
. .

.. ..

‘+++(*+’)($%-’)
(.) 14_*- .

. .

d (20)Oan’zlowm

n

“.

&

(23)

rewrittenin term of the ideel.

(24)

The expreeeione(23)“and(24) stkfioe to ~etemme the rota Uade-
elementlift ooeffiolentand the relativestreem-e at ami radial
looation fran a desired“friotkml.ess”preaaure“ri6; (A~/q~)wa.

Both of thesefmmmlae ore Illustratedgraphiqdl.~in figwes 4 ad 5.
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27

. . . .. . . .
I .. .$. ..“. .’ . ...!. .. . . . ,..,1 >. ..,..

This relationis plott& ‘~’fi&re .~(b).’
.. . .

Theh”chart;are useful
In mak~ qulokestimatesof fan performanoeat variousdee@n
operatingoodltlons as well as In aotual.”bladedealgn....

.t. .
Fcm exanple, suppose the speed’of r&&tion d axial valoolty

Wr..-. ~. “Y= a rotorblade elementIn a,of.fl- =e s~h t~t “:.=:%,

st’ata-rotorarrangement.If ‘thdb~adeelementis operatingat a
lift ooefficlerrtof 0.7 ti the annulusis of solid.lty0.8, then
CJcl= 0.56 W figure4(a) gives (Apf/qf)ititi= 0.87. m ~

efflolenoy of 85 percent18 aas~ tti:8pplytb the preemra, then
A*
— = 0,87 x 0.85 I=, 0.74. I’@ure 5(a) givesthe mean relative
w

:‘&meem angle &. i.F-: ‘N’M“1’ A (A##qf)itid = 0=87,

& = 39.50. The bladeelementshouldtherefme be set sufficiently
In exoessof 39.5°to operateat a llft ooeffiolentof 0.7.
(Seeseotlon‘rAlrfollChavaoteristiosf’cmCaap Opemation.’)

. .
At the designpolxrtthe rise Ixitutalpressure(Inthis ease,

statiqpressure)is to be oons$antoverthe blowerplane. Inmmuoh
~- the profile-dr~‘.x. WZQ @ vary.puaohover the blade span,
tliaaesignOriteriom:ist* to.be ‘

(25)

—.. - —
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The blade oiroulatioxi on Mth” rtator d rot”br will therefore be
OonRtaqt +lq. *. qan..

.,. .

Rotq I&reamof Statom ... . ..

The amngemxxt in iihiohthe rotar18 Upetretml of* E@&
will be referredto M 8 ‘rotor-atatoro-ination. ”

The Initial flow intothe rotor 18 amnnaed to have no rotational
ocmponent,that 1s, ul = O fqr the rotor. Also, the ruktiomd.
omponent produoedby the rotor la to be ocmpletelyoanoeledby the
atatm ml, again,

‘fir = 7~~* = 70
.’..-. ... - .

The only differetioe betweenthe’ formuZaaftz this 04ss0ad for the
stata-rotorombinatiau IS produoed~ a differencein the EIign
of the 6tatoroiroulation..Thw, for the rotor,

.,

. .

1.’”
elng .

. .

. .

. .

(26)

“(27)

. .

(m)
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“‘%=”W““: ..
,UB03H= 2’s. .

,. wJvf ~

ad the pressurerise

(29)

The ma--all pressure rise
losses ~, is ..

%=%

a27@-

for the stage,Inoltiingthe tlp-olearanoe

(30)

whioh is the saw in form as ths correspod~ expressionfor the
stator-rotaroanbinatl~ If the friottomterms in equaticm(30)
srs negleoted,the friotionless~sfiure risemay againbe expresasd
in termsof the rotorlift Ooeffioient

. . .“ ,... ~. .... ., .. ..... .. ....+. 1... “t ;.
.. .. .. ... .. .

. .-. .” . . .

. . “ :.
. . .~..! . . . . . ::: . . . . . . “. :-.

.W. ----
. .:”. “.J -

-,..” . . . ,. ..- . : ,,“.”,.

,- ..,. -.,. .. . — ——. ., -., - —
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%4

$4--’.. .,.... .
ad, if equaticmi (26) and’-[28) are rewrittsn

..

,

. .

m

J
in term of the friation-

. .

(q. +
2nr qf

leek~emzre rise,

(32)

Bquationa (31)ad (32) are the basisof the deeignchartsgiven
in figures 6 ml 7. For the data of the stator-rotorexample,that is,
M = 1 - Ooz = 0c56, figure6(8)gives (A~/qf)wd = 0.72 @l
figure7(a)givesa mean relativeatre~ angleof 50.6°. l’c@a fan
Offioienoyof 0s63, AP#I~ = 0,61 in oomPEu?iEIonwith Apf/qf = 0.74
for the etator-rotorarr~nt ~
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“m ~.-... ‘-RotmAMme’.,.. . . ,. .. .., ,>1,..-!...., . .
.: ‘The initial flcnris linbmsd-+0‘ha+

:.
.1 ..”: ,

liri’iatiom The’&mlaabs
-f*the*~~~&ethe’m a,stheti~f~ (25) to (28)

pe@ainlng @ the rotcx-statcwo-ination, except that equation (27)
far the preee~e risamust’* heuri’’tento dnoludethe olesranoe

-..~~~g :“”,-, .. ‘ ‘ ,,...?” ., . . . ..
.‘,..!,“..-. .. . ..*. :,:.’” .,.

.,,.;.’.. “., h% .,,. s .. ..
..{.-.,.J.,.-1. p.w 9 — ,.,,,...~ -~f , ; ...... . 1...’. .“, ,,.’.,.,.. :..~,.

.fi ,. .27@T-(yu)2-u~<-~t - ‘(h). . . .

l+; ““in,terms of
.

,, ., .* 1.”,’. “.

the fkiatianleso ~saure rise, ~ “ . . .. . /“... & .

()“ %fi2’“ “=-o m’ “.: .’.’
%=%i:zir -+ %
can alsobe used in thiO ease if the friotionleoe
of the

Figures6 ad 7
pressure

%
‘=)2 in‘(70)2=

( 1)
~Pf’i

iotual. preaeurerise.

‘ example is to subtraot

A~/qf of &61s This

figuresis reduoedby the rotational1080

additionto the friationtermsto @t. ti

The onlymodifioatiato the rotor-ertatar-

k:cc:~”::;”= ““” *,- the= 0.5.

It is seenthat,for”a givenflow quantity - rotational. ,
speed,the stator-raterocanbi=tion8$vesthe highatiover-all.
pressurerise. On the basiaof.ocqpressibility@ maxiquzn-lifb
lintitationa,.howevem,the rotw-stata ocmb-tion wiU yieldthe
highmb pressure“rise. (Sepaeotlon‘IllustrativeFan Dssigzrs.n)

M“ q be remarlmd~.ihat he deeign.mriterion”tom the rqt&-
statcmcombinationis”mnstqnt ~irmlation @. ratherthan
oonstantrbatiopessure over the blowerareabeoausea oonstaat
bladecirculationwilJ produoea stablerotational-velooitydistri-
butionin the bwnstream flowwith no radialvelocities.As.
~ioned in the seotionWan Losses,~’the rotationalvelooity
does not moeesarilyrepresenta 10ss. Even withoutguidevsneS
as suoh,if the flow is sentthrougha radiator,mud of the
rotationalenergymay.be reooveredaa pessure.

.

-. .-
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generaldesign orlterion for.radial-velooityfreedownstream
the threemmbinationsdisouesedla, then, constantblade

dmul.stion a. ltB sQuiValen’tj oonsknt totai-prdainnwinoreasewar
the blowerplain.

. .

..The premding famulas d the &art-sf= fan designwere based
ml the asemmptlonof initiallyaxialflow. If the initialflowhas
rotation,as In oporationbehid a propeller,the fan designis based
onthe@nelmlfmUulas (8)to (15). ~or a rotor or etatoroperating
in a flowwith initialrotation ufif, “* rotor-statordes~ oharta
oantiill beusedtoooqpute hi Intetiofool arxlN if the

% (We ~ua-abaolsea 1? of the *e (fi& 6) .iareplaoedby H + —-
Vf

tions (8), (10),awl (U), ) The idealpreesme rise ~i is regmled

()

%“””””as27u H+-. Itmaybe notedal~that, for astator-rotorina
Vf

flowwith initialrotation
useddlreotQ if the d,osign

ul/vf , the statar-rotor@arts oan be
orit@an of no downstreamrotatIon

+ 7flm “ 7#3&.

iEIused. The over-aU presfnmer~se withoutfrlotionis obtaimd~in
this easeby addingthe Initialrotationalkinetioenergy (u@f)2
to the over-allIdealpresmn-erise ~i - 27fl$m Although5EU

amountsof initi91rotationwill not greatlytil~ the fan performance,
the requiredbladesettingsmay be appreciablyaltered.

The oaloulationof a multistagefan is osrrisdout on a step-
by-stepbasic,eaoh etagebeingregardedas a singls-etagefan
operatingin an initialflowthat is the outgoingflow of the
preoedingst@e. In * “toallqwf% the suooessiveocunpression
of the b by eaoh stage,the fau areamay be made suooessively
mmller or the suooesslvestagesmay be redesignedfar muallerrates
of flow. The trature rise aorosseaoh stageflueto adiabatio
_ession ad los6eEI_ alsobe ocmputedas it may lead to
exoessiveoperatingtemperaturesin the later~t~s.

I
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The ~blun of ~mioting oaaoade-airfoiloharaoteristioa
for potentialflowfkm @ lmowl~e of the isolated-airfoil
bharaoterlstioaMS been att-iw~din two -s. In the first
nmthod,the isolatedairfoilIS pi%mimeddpehatingat a oertain
lift ad settinghelatlveto the.free streamti the neoeseary
ma in airfoil.shapeand settingto prduoe the samelift when
the airfoilis operatingin a msoade are derived. ~ the aeocml
method,the lift of a givenairfoilat a givensett* in ~ oasoade
18 determimd. . . .,..... . .

Frau the firsi“poiiltof view,B&z (referenoe5) has givena
methodbasedon replao~ a thin airfoil~ vortioesin orderto
oal.culatetlieflowdistwbaru%‘& theairfoil. As an exampleof
ME method,he’*8 8 5-p!iroent-maximUl+Ml@er.Oiroular-arothin

.airfoilopematihgat ol E 0.7 ml plaoosIt in a oasoadaof
solidity a 9 2.03 d mean flow Inolimulto the oasoadaat 45°.
,In * to maintaiq~ sauqlift ooeff$oientof 0.7 in oasoade
~ati=, the .osmbermust be inoreeked8bo@ 30 pqroent,with
.re~tlvely smallohangesin the positionof maximumomzberand
the angle’of.att~k relativeto *Jmoen’ fiow~ .

. . . ... ,,

‘ Aoodrdingto the(&bcnd:zm&&, &&E. (r&f&epoea 6 aixl7)
I&e Solvd r= .* potetiiltlfflaw”*O* mo@les of Oertaiuair-
foil”seoti~ ino14MLing”thb flat plate. ,T@ ~luelon is that

.“the relationshipfhcimthe,#Q* far isolated’two-dinwndonalwings. . . . ..\. ....1.. .. ..
. . . . . . .

[34)

whine P is the blade-ele mgle, # is the =an-flus angle,
d ~-#=ct” isthea@e@attaok of the bladeelamnt, still
hold8providedthe rigbtbhaulside 0$ equation (34) is multiplied
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byafaotor f endthqbmanglk @ Vlth~~OO$~Ot&_flOW
Is redsomd frcm a elightly&ifferentangleof zero lif%’i% “that@
the is@alyxlairfoil. The airfoilehapeagivenby Co13arfor Whioh
the fao%a f amithe~dqgl eofmrolift *bederiYed
thearetiml.1.ydb nczt,reemble..- oloaslythe ehapesueed in praotioe.
A eugges~~ prooed~e ieito-uae the Collarf@ior f for flat plates
in oaeoadead the angleof zerolift“.*the i@.atb@ airfoil,‘oa-
reoteilfor thidKZMMMJby a -thod of referenoe”?● Theoreticalourvea
of the faotcm f aeafunotlon”of theaoMdity a=% edb-
ar@e P era given In referenoe6 aul &e re~uoed”in figures~
- “9.,

T@ thioknem correction(roferenoe2) 18 a ohange 8 in the
angleof mean air flowrelativeto the bladeelement. It is obtaind
than”

(=)

... -”””” .“

D=&- Profilearea

.. 02 (Profileohord)2.“

18 ~ reoiprooalof the blade profileaepeotratlo. The correction
angle 8 haa the effeot of InoreaeingP of equation(34)to obtain
the setting for a givenlift coefficient;henoe,equation(34)now
reads,

Tide equationappliesto rotorsand to atatmrs downstreamof rotors
if potentialfloy is 808-. Tar statorsupetreamof rotors
(turbineaotion),the signof the right-had aide of equation(36)
is reversed ard anglee are meaaured f%om the blowerplaneto the
oonvexsideGf the blade (fig.10). ~Hote that $1 18 the angle
betweenthe meanflow w and the.blowerplane. The solutionof
equation(36)fcm the bladeangle ~ involveseeveraleuooeeeive
approximationbeoauaethe faotor f 84 the oarreotion 8 both
depemlon ~.

. .

. .
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M3teadofr eaohairfoilaF a OaOoadeaa operatingat
ao@-hilllift( oobffltilentwithreapeotto the mean reh
tike“flow,ti oa@o* “ti-’a”Wole”mey l%-vilnmdah a devioefor . .
twrnirgthe enteringflowthrou@ a.oertainangle (refarenoes4
ad 8 d unpublishedwork~ @extin Wald.of UhitedAiroraf%
C-atlon). For.example,in refereme 4, the Izmeetigatlonof
a oaeoadeof low-dragairfoilswith an initialrelative-flowa@e
of 45° = ve@ng exit flowan@es, obtainedby vary- the blade
angle,led the authorato oonoludethat ‘theanglethrou@ whioh
the air Is turnedby a.oaaoade.of b-s with a eolidl~ of 1-
a mall oem- 1s near- equalto the -e of attaok(withreaped
to-enter~air) of the bladeam$nuathe angle ofattaokfar
zerolift of the Isolatedair?oil.”

It~bezmted thatthetmmqda@e of the flow fi.~
la expressiblein tmme of the bladelift ooeffioientby meand
of quatlone (8) ~ (10),ad if drag 16 mgleoted,

If the profile drag is large, this expression tiouldbe modified
by the effeotof the tangentialomponent of the dreg foroe in
t- the flow.

In additionto the mutualinterferencepreviouslydiaoussed,
whiohmay be tarmsda velooityInterfemnoe,the pressme rise
(bloweraotion)w drop (turbineaction)aoroaathe stageaffeota
~ b~-~ ~na in the s-. For e-e, the
advea’,6epressuregradientaoroasa fan rcr&mreduoeethe lift
an the rotorblade,Inoreeaemthe drag,- oauaeaan earlier .
stall. ~~nta on a typioalairfoilaeotion(r*erenoe 3,
f@. 66- 67) 8hti thtj f= a b- angle ~ of 200 d
mcl?.i.lty u of 0;85, the faotar f of equatien(36)wae unity .
(althoughthe Col.hrliftfaotoa’f far flat platesWaa 1.6 in
this oa8e), 8 vu ~b~ laj ~ W ~otia tidbd at ~
mxqparatlvelylow lift ooeffioientof elightlyover 0.7. The
value0,7 hae fhrtherbeena~tely substantiatedw
~~ ~ &Bi@ -tm” in r~ae to acmmmerimem~
obtainedmex~ preaeme rises;f% exe, those of refar-
enoeB4 d 9.



: “..a to ha:.&&.”C+iiiii;%n{ ~Ddatedpikkd aeothn that
la effioientat the--flaei@**..’ 03”..*. *‘“@c&m” (hamuoh?ae
thereare no ~ative &ta on hirfoil.e fti’oaakde “+ehtion)” ad

_ W ~ Wood=e of mf=me 9 for au- ~a~ion.
AoO_ to the pmV’iol@y.q- wmlt of referenoe5, a
lS-peroant.Ixmreaae.islQqr@or.@ ~.alo&@d +foiJ seotion
should@ftoe for a oaaoadeof solidity U“- 1. U largeflcnf
deflaotiom.cuseW ~ qoo,~iahti, aa by b 8t8tor,the ohoioeof
omnberfor a atata atioil skotidn~ be @ded by the angle
throughwhiohthe f’tw la to be defleoted;t@t 1s, the oambermy
bq.@te@@ ,by1- up the tangexxhaat theleading anl the
tr@l~ ,&ee ti’thqmeaziliaew!lththa 14tial U the,finaltlow
direotidnd,re@eotl+ely. It IS apparentthat-e -experimental
reaulteon atrfoilsin paecada~at~om are needed‘to‘e@abU~
p baeiodata of tial-faa desi@L

...J .?7.. U..:-1 ,.. . . .,. ,.
..r.

. . . . . .6.

,. ~mm?humms””’“ ““. . ‘-... . . . . .. , . . . .....
“ !& ‘Llisodpolonm ‘of’”the *oo~ Seotlons,Will be “@&%&$li

by the,.dest* * a”6tahr-rot& oiabinat$oaa, rotor-etator oanblna-
tibz+ a rcr@ Operbt* alexw at ad altituda -of”40#XXl feet. The
effeot “* ohange of altltuda will then-be ooqaidered ~ etiiatat.$ng
+0 $erf~e of the rotmwrhator ounbinationat 80,000feet.., . .

kaohd46”i&Iwill be d for maximunpreaaurem rlae without
atall~ the.rokr.we. axd withoutrunningintofeasibility
effeots.”The f~st limitti~bna~ies to the hub aeotionbeoause
thq.Ithlqk$.~~lati~e’ve~oolt$j”~ Mermdhlghetilift ooeffQent
for a .giveap&edume rt’ti,oo&r8’IWre.” The aeooulMmitatlan
appliee to the tip ~otiom beoau8eit travelsat thp highest“tia-
tive speed. I%OWJ two ozitions era expreaeedas followo: At the
hub eeotion,by equatioaa (23)aml (Sl),
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(37)

At the tip seotion,by eqtiti~ (24)d (32)/ .
..“,.- ... . .

rotor ocmbins~lon ad the lohr
the rotcralone. ..

:.

tie&J6Ssignrefersto the stator-

to the rotor-statoroabinatlon-
~. . ..

h th888 eq~ti~ the vd~8 of Xh W Vf 8’e ftiedW
“t&e”rotordimensionsaA the desiredflowquantity. The msxim=
VUUS Of Orolr 1s,’or shouldbe, knownfran erper-nt, 8s should

aleJo~ fraI-the considerationof ocmpreseibility.The two equa-
tionsoan then be solvedfor No ~ %?fiJ whioh determixw the

rotationalspeed-“ the idealpreaawe rl ae of the f~m The rota-
tion parameter IV is then fixed for any otherlooationwhioh,
~ with the designariterionof donstant Opfis determines

* pi e?fio~?* , q’ . .f~ any &her blade elmi%t by using

either the design. MS (figs,”4 sI# 6)’ m’. equatlg&s (23) ard (31).
The rotordqmignis ocaqleted by esl%ddng’ tlievarious”losses aml
find.lyldM bla@ .gmglesto”give the requiredlift o@flolents.
* @atOr, & ~, i13des@ned frcm a Iuiowledgeof the”idealpree-
sure.rim a@ the ocdition of -de oanoelationof streqmrota-
ticnh The detailsare givenin tie folloiring.disoqssion. “. .

..

~e.siiut@n”~ .equatlo@ (37) I?d. (38) f.$r “&i a ~

iS obt~” “b~&dVi& the qusdratio .. . . .
.:. ... . . / .->..- .- .,. ...L,., ..
.. . . -.‘..%. . . . ... .-

W?. ?m:o. =!l:. :”.c : “t .:. -.., . . . .
...., . .“ . . . ..:

...

.— .. — —— .—— ._
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, M uppkr’”qi& ‘refers’to~ the ~et~-ktor: canblhati~ &l & lower,
●‘@ ~: iottm-dtatoro--ination mxl*he rottm“done.”“: .‘ .! ‘... ....... ..:. .’ .. , ... . . ..

‘ A; W the. fandlnuindhns,the outerradiuswill”~obab~ be”“
“f~ 3y ooqslderritikmk“of’engineobIoowlingdiameter. Ahknabe
R. -’2’febt..‘The ~nnerraditi shouldbe sudlaa to lmepthe solidity
at the hub doim to a reasonable-valueid’ not too.dlf’f%rentf’rm the
ml$dity at the tip. Aiso,the resultingfan area shouldbe large
oauperedwim the %i~-clehanoe ar98 ad ShouU1’permitaffloient
diffusingdownstreamof the fan..Ass-. an .Iqnerrmliusof 1.55.feet
givinga radiusratio xh = 0.776,a fan area Af = 5 squere“feet,
ad a bladespanof 5.375 Inohm. ~f a tip aleeranoeof 1/8 inoh
* 2.Speroentof the bbd9 s@n” ts f%rtherMmmmd, then,aoomxi~
to figure3, a 10s8 of 8.3 pmoent of the idealpressurerise will
000= ,

.-. — -------
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~mazimunlii% 00ef#jOiedZ Is taken as OIti = Qw7 .ti-~~~
.1- of resultsguotqd“pbtiw ‘f&&“&if-&&e-‘S~~’Aoocniii&& ‘titi

reeulteof ~ferenoe 2 ~ a kotor with bladeohord ~ksiqg toward
the outerseotlonas more &ffioia3xt * One Wi- 61* ~-
ohard or ohmd deoreadng towml the” oiitar seotio#.“The reasonis
oaumqted with the faotthatthe seoomlpryflowspreviously,
nmtiuaed (eee emotionmay. of the Axi~-1’low.Panw)oausea
dead-airflow towardthe bladetips,-oh meJ oone$Jqu@lyti.-
firstunlessthe lift”ooeffioietiIS keptlow.“A ooneta@-801.lditY.
bladsWith * -0.85 is dmrdl~ ohoeeq. The q~tity &rozr
is therefcre 0.7 x 0..850,0.585. “ .,..

The - relativeveloeityis determi&d by the &t
arbltr~ thoighoons~atlve &zupress”i~ilityoriterionthatthe:
ms@mwn loo&lrelative.velooi~ at #e ,rotm blade is not to exoepd
0.9s, uhere 8 18 the kpeed of sourd at the fan, Inaemuohas the
maximuu100alrelativevelooi~ is about1.31 timesthe relative
velooityad the speedof sod at 40,000feet is 1000 feetper
‘eeooml,the maximumrelativevelooityis

~ = & X 1000 = 686 feet per 8eoo& In ordarto get Vf,

* re@red maes flow is takenas M = 0.821 slug per seooml
(seeseotlon~ower ~sses in a Cming Installatiodr).whioh,with
a densityat the fan of 0.000616slugper oublo.foot ani the‘fan
area of 5 squarefeet,givee Vf = 266.feetper seooti; !Chm-efore,
(wr~f)- = 2..58.

m“” Valueaof “*P “(%o?r)~, .~ (~fif )- thus det.er-

.mined m Suistitiltedin equations (a”), (39), and&t@t86iJe “
tie values of “no _ opf, shown in” table I.

rotational4pee@&erivedS’- M. are also&iYen. Those values
.* .Ho - O@f, are the basis:f= tha variousfan designs@iven

.

“$n taxes II, @ axiiIV. TM&,tyabiesoorrt@nthe l~~z~ design

r
ooedure- the neoeeearyreferencesto the text ml figures..
~ rpf’“theresults&e iholpdedf= oq~~ in table1.. It
appearsth&t the rotor-statorarrant id oapableof produoing
the greatetipressurerise; though witi the ti~@ram3r@ of operating
at a considerablyhigk@ rotationalQpeed. l’rang ooneideration
of t& sdmi~ ti ~~tiom (37) ~ (38), this reml* le fo~ .
to begmcmtUy~if “ .

~—--. —.- —------ –--——–
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the eeocd tam an the right-hid aldk 18 Quite ~ “d
poalti”m,~ rotar-tiatoro-inatlon 10 seenta yieldthe
preaewe rise.if ~ M R* Z 0.7070 Belowthis valyet@e

rotor-statorw the stator-rotaroombinatlonoan yieldthe higher:
preasmo rise, depexdi.ngmainly on the 9aly3 of m. , ...

.,r
l?ti operatlomat @ 4$itude of 20,000 feet,: the eeskdial dif-

f’erenoe”Is in t+e air quahtl~”~~ylrd fin? oooling. It.is aeswped
-t, at 20,000feet,1.25timasthe mass flow and henoe0.475times
t@ volunerate of flow at 40,000feet are neoe60ery. ~ the z@a-
tionalspeedswere maintainedat the originalvalues,the rotor
bladeswouldbe ocmpletelyshelled. Ae oan be seen *an the perfcmm-
anoeourvesh references2, S, ad 10, staUing the bladesmeans
thatthe meximn ~esse” sise is developed-but with high losses.
If the rotationalepeedsare diminishedin the ratio ot’O.475;tin
l!ii8the sametithe nbdUwns IonAl”bperationof the fan 18 the

same as at 40,000 “feet. ThereforeJ beoause . . . .. .
. . .

(“ ) ()
. .

*f2 2* 000-0’6 *F “ .. ““”
. .

1. *,000 . . .J...

the aotualpressurerises of w of the oaabinatioaewill be about
0.6.of the valms at 40,000 feet. With fixedbladesthis perfcmmanoe
IS aboutall that oan be aohievalat the lowereltit@e on the ~
asmlmptionthat 01r- = 0.7. If the rotorad atatorblade an@ea

are adjustable,however,aml the rota sped Is maintaimidat 3310rpm
for the rotor-statorarr~nt ~ thenfor a hub-aeotion valw of

2.022
*O% = 0.595 ad ~ m = 4.26, figure6(b) givesa

m
(APf/Qf)Ueti of 9.8. If the “acmeeffiuienoy c& at #;OOO feet la

.

asamd, the aotual A~/gf la 0q9 X 9.8 = 0.8 aml Apf is. “
22 .inohee of watek,as oomparedwith 9.1 Inohesat 40,000feet. The
twistof the b@de IS Inoomreotet the low= eltltude,however. ~
this ease it la desiredto oaloulatethe pressme rise at any”radial
looationfrcm a kmwledge of ~ bladeangle@ N fo& the looation.
The solidity u d Interfkrenoeoorreotionsf ami 8, if any,
are alsoknown.The idealmeasure rise la gitiehdtiectlyin tams
of thesequantitiesby eliminat~ “Ozr from
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: ;;,::a~.;f$,%ij,:,:.~..,......
‘....”) -:.

1 :. ,:::. .’~., . :.,, - ,. p?.,::.,,..,.. . ..
‘.. U-IY ;. “ .’,,. -. W..

.,:”j \m-

& r+iitijij““~.:...;,y”y”.”.” -.”; ‘: - - ~ :.. “ : “.:: .,..-; .-
.- -..,-, .

:1 ”*... .....
I “.Ci&Jtiib@- .8) - :. “. . .. .>...,. dba:’;fi-- 8); ~
. ~ %fr;” ‘.: “. : -“”:”.” .“’ ‘-.’: ““ “

(42)

..%..“. ... i &E&@l [~ .,8) .
. ..... .%.”.. .,1.:.. ,4>.”.:...4..,.

... . ‘“...”!,“-. ..>” . ..:.-.,..”- ..>.-..
wherethe minus signrefersto the“&at&r-ro&r ‘ochibinathnad
the plus’algn%dferah ~.rubar~qtatqr oc@Mpaljion,whlohlnol~s

‘ alsothe we of rota alone.- (S9e.aeotion%@&” Alone.n) It is
aemaimdIn’&u&tion ~42]that,& a sta%m.10 ~edj .Itla kept
ad$uitedti”buoba WW. that.no-stream.rqtationtiistsdownstream
of the”hIQtmk,:The.ermm oaused~ US* oq@i.on (42)w$th fIxed
stata is ~ for a rotor-statgm@t pqt $@ * stator-rotor
oanblnatlon.In the stat=-rot= -angement ,“tho statorand rotom
shouldbe analyzed~separatelyby means of the generalformulas(8),
(10),(U), ad (36)’..Whe aotuaZpressure.riseis obtalnsd-
equation(10)appliedto rotorcud:stat=. This pre~sme rise will
not aotuzllybe obtainedIf the rotomm8xlmunseotionllft ooef-
‘fi~ie@.d..spxbtiti!” Ftarthermoro,IIf the.press~.erisesvary
&eatly overt% blower”sea,- they.- be aver~~ bY W ~
of ‘~fer”eikm%..I‘..“‘ ‘ , : “.” ... ,. .... . ..
.. .... .....~!.“L.’I j.. .**..-.. .. ..-

The des~ nmthodpresentid‘&&e pr&l& iiotlonshas bean
usedto Oqpute the knownperfcrmanoeof exlst~’fans.snob as that

.. .m}of referenoe9. The.resQtsof thesed of other mmputatlomsfor
‘new13.ealgns,@&h. hlivqa@Be@lly@y,J?qn..I@stsd,allathat the
mthod predldm performanikSatist’aotmily,althoughan ~lamntal

:.@@.stmegt.of t4e bladesettiq may h? necgmmry. (Seeseotlon
!lAtit’@l$h&’Shi%rihtiOEI far CSOoah ‘@@ithi~ m ) . .. :..% ; ,,,!~,:,..... ..... “.”’~1:> . ,1.,,.:-. . ...“:”.: !::::, -f. .. .
..... t.\*... .:”.:.:.... ..:

. . ..... . ,
. ... ;:. . :.

. . ..k..! ~..s.., .“, : 1 ,.,4. :
.(- t.,~:.J:.”:

%...”...,,” .. .:!. . . ..” ... ..
.. . .. .. .

I
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POWIR~IITA Oo@lm

It Is a~late to oomlule with

MU ARR Ho. L4111e
. .

ImwIzATmm

a dieoumion of “* internal-
oooling-powei-loieetiin a ooolingInataUation that ,Inohulesa fan.
The statementin the ‘Introduotlon”thatthe power required * drim
a fan may be mare than reowered ~ neans of the hi@er exityeloolty
of the ooolingair thus attainablewill Inoidenkllybe Justified.

Theimternal oodli~puuar is the mnnofthe power inputto the
fan ad the mcmmmttipowerof the.0001lngair. The powerinputto
the fanperunit ~t’lowofoooling airioafunotlon of the fan
Pessure rise ad the stateti the air in froqt of the fan. The
mnentm powerper unitmam 1s the puroduot* the free-stream
velooityami the Ufferenoe betweenfree-stream~ ultimatewake
velooltyof the coolingair. &ternal ocd~ pOW~, auohas oaused
~ ex-sai~ ..~a~..~@@i*-wlti fiesu3t@&inareaseof drag,1s
* discxlssedbin. Thla-“--* -bfm “totalUoolingpower
Oanbe Inoluded’in.an..an@ys.is”of-anaotualmoling InstsUation
~ wans of experimental oowl-~p data. Likewise,dreg ~nts
due to the weightof the ~ommt parts~e not considered.

.. . .

.A”oooli&”inetal.Mtion”of oowling,fen, oool~ resistapoe“
“(auoha& engime* radlata), -. extt is representeds*tioally
in figure.U(a). Cool~ sir,regerdedas ocmpressi~e,enters”d
uder&oes.adiabatio.but.not Zaentropio_eseion fiwm state O
.tostate fl. Theto$al enargyXunitmsssof airrm@ns”
Oozlstmlilin this Woess, that 18~

.-.

. ... ..
. .

vf12 . .
&~T~~+~

%To + ~
. .

but the inletdu@. museq a stagnationpressuredrop API. ~ a
etagnati~Fesaw drop aorossa reaietanoe10 meant a preaeure
dropmeasuredbetween,or oorreotedto, two st”kgnatiQnregions
beforeard belxblthe resistame. Next,the fan imoreasesthe
totalenergyper @t -S ~

.
.“

“Pf
.

-E- . op(Tfi- Tfl) + *(V= 2 - Vfl?). . . . (.?3)
. .

whilethe pressxp:rises frcm pfl to pm. ‘The air thenpasse-a
tJlroughthe fan dlk’fueerIn whioha tiagnatlonpressure.drop“A@d
oooursat oonstanttotalenergy. At state1. whioh IS the near-
stagnationOomlition$@ in froqtof the
fiaotionof the engi~-heat redeotitmmay

etilingresietanoe,a
beaddedtothe partof
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that 800s throngh the reslatame pmpem. This fluuthen “
eqyuxb immtr6pi~ ‘Gto the resi--.m%a, state.2. ~~
state2 to the resistanceexit,state3e, the ooallng- 18
Increasedlntatalmmrgy by the remdmler of the heatreJeotlon
aml suffersmoat of the ooollngpreae~e drop. At state3e the
flow is eJeetedintothe largespaoeat state3, the Preeswe ad
totalemr~ rcmaidng oonstant,with the resultthatthe klnatio
energyof the alr at state3s is ~gely lost. The ooollng- .
reaistanoe~emmre drop Is thus A% = P3 - pl. The e~lre flow
at state3 then ~ a@ost isentropioaUy,with oonLtanttotal
ener~, frun its praotioallystagnationocdltlon at state3 to
the Ultlzoateexit Oonaltionspo anil?4.

The power Input to the fan le given ~ equation @3). T4e
seood term on the right is negligible for a 81@.e-stagefan with
oonstantflow area,whereasin a multistagefan the flow area is .
addusttito keen a oonetantaxialvelooltw. tie firatterm man be
writtenIn tezn&of the Initial

*IM fan by usingthe isentroplo
power Inputto the fan thus

Pf = Mop(Tf2-

statead- premmre.ratioaoross”
-1

%-_ession formula T a p ~

Tfl)

+ . 11
4

(44)

this exm’esslon takesaoooti of the
faot that the oaupremkm ‘la not aulte krtrcmlo ad that oonse-
ably lhe aotw& final ixmperat~e T= 1s &eater than the
Isentropiofinaltemperaturewouldbe fa the samepressurerise,

The mmmrtwn power of the Instaldatlon
equation,

Pm = Mvo(vo .- V4) .
.“

iS, by the mc&emtum

(45)
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. .

.0 ..

i?”

. %T3”5T4 +%-”
. .,

.

V*2 ()T4T =%%1-=

T4
The queultity~1 - —

T~
is the Mereditheffeotefficiency,that

(46)

ill!,

the effioienoyof o~version of ener~ at state3 to kinetioener~
of the wake at state4. Fcm isentropioexpansionbetweenstates3
ad 4, it may be eqmeesed as

(47)

If ootiitions betweenstates3 -4 differconsiderablyfrcm the
Isentropio,equation(47)must be mdified. For well-designedout-
let duets,no modifIoationof equation(47)is necessary. The pres-
sureat state3 is the free-streamstagnationpressure p~ plus the
sun of the stagnation-press~eohsngesup to i3tate3

P3=P~+APf -APi-APd-A~ (46)

The totalenergyper unit mass at state 3 is the fiwe-stream total
emrgy plus the total-ener~ additions in time.installation:

,

(49)

The substitutionof equations(49),(48),ad (47) in equation(46)
yieldsfor,W exitvelocity

7-1 “

V42

(

po2

)[ (

pf H

)]

T
—=

2 ~To+~+~+E l’Lp~+” Apf-A; -APd-AP
r

(m)
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Whiohdetermm@.4he.mxlu3ntlmk:pQwerby .tiquat$on (43). The elm of
v---- Wwti- (44) _*_(43) 10 then the Internal-ooollng-pomr 10SEI

of the Installation* -.-,
,,; L .“:-f”+ ~ .

Before ~mm (30jCAii USOd,‘k O-A* d fw-di~
stagnation-pr~q~~-s., A~-. SIMI,,@d$. ae:@l = & req~
mass flow M must be determimd as a funotionof t- fan pwmure
rise Ap . This prooedure’16 neoemmry beoaueethe fan aheadof
the oool~ resldzinoeinoreaseethe temperaturead density
aheadof the Oooler,therebyInoz%aslmgthe requiredmass flow
for,ooollngbti deoreaslng(pot.lil~aj.the”oooli~ preaeure
dcclp.The det~tih Ie _ by ~.wtep-byjj@epQrOOeSsa~
to the prooessesof referencesU. ad 12.

In orderto@ M, A&;’ d “A& as funotionsof Apfa
the pressuread _rature Just-ad .qf~ -ooolerere qeeded.
The folhwlng equationsdet@aainethe pressureand I@ teaper~
ture In frontof the oooler,as well 8s the mass flow,as funo-
tione of fan pressure”m$se:-

,.

.. . . . . . . . .
. .

. ...
-.

. .

,. ...- . .

+....
. .

c -.. .
,. :..,. ‘.

‘.-~. ; ,
. . . . . .

. .
,. :... ‘-, . . -.. .

. . .,-..-. . .

,.. . . ..

... .

. .
. .

.,

. . . . .. . . . .. . . . . .
,. ..:. :.. ...’.

.. ..:, .,
: :...’’.:. ,.. . ..., .\.:.” .“. . ‘.

.. ”/.:..”.. .... . .. . .. . . .“.’: ...
{ :. .. . . . . . .

,
‘t. . .. . ... .

. ..

—.. ..
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. . -.. . .

~To + *OZ “ yfl + *f12
. . . . “. 1.

(b)”P&be ad dendty at &ate fl, inletdiffusing “

. . .
..”. . “., . ...” L,%

‘() Tfl 7-1 “
.:.

,..,~:=Q ~
- (1

..

,, Pfl = ,J?f@f~..:. . . . . . .. ...
:, ,

(d)

(e)

(f)

. ..’. . .

fail,;f&: “
. . . .. :

[ 1-
*“. .!

P~ Tfi
—=qf%+(l-nf)
Pfl

Pressure ad densityat utate f2:

State f2 to 8tate

15ea8ure at state

PI =

where

1, mnatant total energy:

%%’ = %Tfz + +P
1, fan-diffusereffioi6noy qd:

[d Wxiatim of mass flow M with ooolerentranoe tmmratme.-.
T 1,

*

where T1’ iB the temperature in state 1z bef&e any
o the heat Is addedto It. This variationis detemined by a
ooolingoarrelationfbrthe oooler. (SeereferencesU axd U.)
Figure12 Illuetiatesthis variationfor the air-oooledengizw
of the Illuatrative examplegiven hereinafter.

(h) ~uation of oontimity at fan

a’

(51)
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- @ these equations the alanospherio
“speed Vo, ~ 9ffloletiie0”-”’ql,
mare, eitherthe fan entranoearea
area ~ regardedas variableto

T flight“
&. “‘mher-

Af~ h @ven d the fan exit
malntalnconstantaxialYelooity

Vf,.or vioe versa. In the followinglllu8tratIve example,ti
valueof Afl ~vasase~, althoughatiutthe Bemeroaultawould
be obtained.in eitheroaae. With an assumed Vf, the foUow*
quantltieaare detenulnedin c@er fmu equation(51.):Tfl from
(a);

9
W ~ h (b);~ f’ra (h).;~1’ fr~ (f3);T~

fi~ (e s ~/~ X (.o)J~~ AwJ .Pm fi= (d); g~ .
d ~ from (f). The tqperatms T1I Is then Inareasd to T1
~ the heat reJeqtion,1$”eny,aheedof.the“oooler.In addltbn,
thevalueof G=p#2 Is dsbnubed 8s a oea’talnfraotlon of M.
The ~lonality between G ad M oan be obtainedf’rcmthe
sea-leveldata-for the ooolerby perfomlng the oooler~eas~-
drop aaloulation @ reverse tu fizd G oorrmymdlng to the .
lmown~emeure drop. .. ,..

. .

the pliEn32;L%“:J%%shwot:l:rf:m
Fran lb valwe of pl,

pressure rise A~,
he ~etiezainqd”In two steps. First,If anlytQe ah thntgoem
t@ough the oooler WOper (In an alr-oooled engine this mount is
,less ~ the total mass flow) 1s.consideredj the state of the alr
at station 2 is determinedby Be~ulli fa equationj whioh may be .
Writ$en ..

. . .

~“””””

.()..P1 7
z -“ 1

R%%l
—9 — =K “ “ (52)

7+1 2of112 .

()

P1 7

z“

This equation oan be solvedfor p~~ vlth the aid of figure13,
whiohgives ~~ sgalnst K for 7 E 1.4, R = 173.5,-

2
- 6020 In foti-poulsl-seooti.Unitcj.The temperatureat
aim 2 18 givenby

T1 pl 7

()q“~

. .
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SeoodlyJ the preeWre at the baffle exit,.etatlon3e, b determined
by an euuatlm basedonheat-tmnsfer ml skin-frictionoonsideratlons.
(SeareferencesU and 12.)

& Tw - T2 T%
l*——— P22

P~ Tw -~e TZ = @(T2 + TSe)

.

1

L

in whioh T3e iIBgreater than T2 ~ an amount

the heat add- “franstations 2 to 3e ad Tw is
enginetamperatwe. Equation(53)is plottedin

—

.

()
p3 2

.—
P2

.

“Tw- ‘2 ‘3e ~of the parameters— — P22 ,

Tw - T3e T2

oorreepowli.ng
the e8timated

figure.14for

(53) ~

to

average
a range

The total menergy 0.#3 behindthe oooleris calculated.byequa-
tloa (49),using the firstme of equations(44) for the Pf/M term.
m valuesof opT3 d P3 oan nQW be substitutedflireatlyin
equation (46)to give the exitvelooity V4 d the oaloulationis
ocmpletedby equations(44)d [45).

For the fan beh- the resiatanob SM for the station numbering
as in figuieI.l(b),the expressionthroughequation (50) previously
deriVti hold without ohaqe , The calculations are greatly simplified
in this oaee beoause M d“ A+ =e oonstantat tie valuesgiven
by tie peO*X methodfor Apf = O. Ccmiitloneat tho fan can be
convenientlydeterminedfrcunthe stagnationo-t ionsbeh~ the
ooolerad the rimesflow by usingfigure13.

The oaloulations~eviously outlinedfor the fan aheadof the
coolingresistancewere osmied throughfor an air-oooledengine.
The folluulngdata,basedon an aotualpropos6dooolinginstall-
ations were assumeds

Altitude (Army air)j feet. . . . . . . ...”...
Atimospherh pressure, Po} PO-S per aware foot
Atmosphericdensity, po, sl~ ~ oubiofoot ●

Atmoepherlo-erature, To, ~ absolute . . I .
Speoifioheat at constantpwssure, ~, foot-
poauxlsperslug per% absolute. . . . . . . . .

Ratio of speoifioheats, 7 , . , . . . . . . . .
Inlet-dueteffioienoy,qi . . . . . . , , . . . .
Fan effioienoy,q

f
● m.m. m.b ● . .

Fen-diffusereffiueno~# a&”...... ● . . .
11’an-entranoearea, +ls Wme feet . . . . . . .
Bngim heat reJeotion, H, feat-poumlsper seoond
Blightspeed, Vo, feetparseooti . . . . . . . .

9m9

● m,

● aa

● mm

● *m

.*9

● m,

● **

● 40,000
● m 391.9
0.000550
“ 415.49*

● m 6020
.0 1.40
● * 0.20
● m 0.60
● * 0.90

s
“ :56,000
● ** 587
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In dditlon *. follpw 3s assmptlons me made: ,~~e 12 f= M
e% Tlr; Q = 00. ; @-half tlie *at rql~ot+n added ahead
of ~ I@’fJe,e’””ti“~.-haifin $hs baffles;.M, peqoentof the total
mass flowthroughthe bafflea;the averageenginetentp=ature
TM = 8880F absolute.

. .

!l!hf3re”iiiltq em &lven in f~ei U“ @ i6. Scam of the
v=iome ooollng-alrgpantitleaare shownIn fIglme1.5AThe wU’i-
tion%Ith fan pqesf@e rise la pmoti.oallyllnesrin all o~s, a
faotthatnaaybe US@ to reduoethe labqwof subsequentoaloula-
tion. The‘engiaw.preesure* ~ -m~ deoreasedfrm 26 Inohee
of waterat Apf = O sto 24 InoBea of waterat Apf = 38 Inoheoof

‘ water. I’orhl@-enough fan oaupresaion,the tempsmatureof,o~es-
eiontend~to,ompensate”f= the ef$’eotof the InoreaseddensityIn
reduoingthe.englm gmesswe &op.

he ,ymiatlonof fan ad mcmefrtumpoweraal of theirsum,the
Internalooollngpower,is shuwnIn figure16. The Internaloool~
H is ~ms v-- fr= a ~~ of 640 ~se~ to a ~-
mm of 330 horsepower.It IS seenthat,withouta fan, there is a
ooollng-pressuredefiolenoyof@ Inohesof water. The oowl-flap
deflootionrequiredto overoaw this defiolenoy(aboutO, )

%wouldresultIn a ooollng-powemlosemuoh greaterthan the 1-
oatedmaximumvalw of 640 horsepower.A fan is therefmq
essential,The maximumestdmatod~essure rise from a single-
stagefan is imlioatedtn figure“16as 8.5 Inohesof water. This
valuewas obtahed by multiplyingthe valueof 9.1 InohesIn
tableI by 80/05.6 to mako the fan effloienoyoonslstentwith
that aasumedIn thisexample. This ~essuro rise reduoes the
Internal ooollng power to 52(9horsepower.Two stageswoulddeorease
thisvalw to 350 horsepower,whloh is only20 horsepower above
the mlmhwn possibleooollng-powerloss, In cinderto reduoe the
IIlln5mumooollng-powerlos~,@e reqtied engine pressme drop for
the given heat reJeot30n would have .%o be redwed, for example,
by ~W~ the finnin& The fllghtspeedohosenfor the oalou-
latlonswas 400 milesper how, If the speed16 reduoed,as in
oliqblngz + ooollng=presqure&fioienoy Inorease.s~ F= exsqple,
at 310 milesper ho=, the deflolenoy.wouldbe abouttwloethe
valm at 400-ties per ho= ● A two-stagefan wouldtharefWe be
neoessaryto enableoltiblngwlt@ut openl.ngthe flaps.

It is of Interestto note that,at the point of mlnlmm total
~ -.9 the f~ ~ iS ~e~- at the Pm rate ~
the thrust(qative mueqtun) power;henoe,the effioienoyof
‘ooniersionof,@dlt:~ power+ut to $he fan in* @mat power

. .
1 . . . .. . . ..*

. .

,. - —.— . . —.
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is MM peroentat this point. This effioienoy drops ofi for I.arqer
additional power” iqputs to the fan. The poaalble eavi4g of power,
a8 ocmptmd Wim putting thm pmer .* the external popeller,

howover, 16 Emlal.1. ..

The questionof the“adviaabilltyof looatiagthe fan behid
thd engim, ar moling reeiatauoe,oan be answeredin the ne@ivlB,
at leaetfar ocudlitionsapproximatingthoseof the example. Sane
~atf+e o~o~ati~ of f~ kfore - kh~ tie engineshowed
that the ooolingpowerwaa of the orderof twioe ae muoh ae with the
fan in front. I’in’themuore,the ~ performanceof a ein@le-
et~ fan was only about60 peroentof that with the fan in fhont.
The main reamn for this hhavia wae that the densitybehimlthe
enginewae abouthalf that in fhont. Consequently,the voluuerate
of flow foragiven maaefluwwae doubleadthepower inputto the
fan.f cm a given presmrre rlae,.ro@ly up, aboutdouble. A oon-
trlbut~ faotorIS the Inoreaqedeng~ pressuredrop,whiohshifts
themmwdnau-powerourveto the rightd ooneequentlyInozmaaes
the total internalpower. The deoreaaedmaximwnperformanoeof a
mingle.stagein a ooneequenoeof the lowerdensityin oanbination
with the.hl@er ratio of axi~=$’lowvelooityto fan rotational
speed.

The methodof internal-power oaloulationgiven is an aoourate
m. me resultsare aeneitive, however, to the valws of the
varioua pqeasure dropaj partimlarly to the pressure drop of *c
oooling rmietanoem It is important,.therefore,to be reasona*
ewe ofthe data that determinethe ewim pressuredrop before
idulging in a detailedInternal-poweranalysis. It w be
mentl- here that the mdhod of oaloulating the exit velooity
by Bernoullirs equation for Inocmpreseibleflow} that is,

e
~ AP = +~42 - V02)

i,f,d,r

otm lead to large errors on the peeelmiatio aide, partioukrly for
large mesaure ad &eneity ~ through the aystan.. . .

It is evidentthat the ohoioeof an axial-flowfan’”fcmhigh-
altltudeoool~ depe~s on ooneideratiomof internaloooling
*6w a9 well aa on merginaloooling-presswedefioienoy,8truo-
tural, ad medhanioal oonsideratlom. In the Illueti+iveexample,
a two-stagerotor-atatorfan arrangementaheadof the ehg+newould
b reomalended.If the rotational6ped oouldnot be aohieved
beoauseof meohanioaldiffioultiee,a stator-rotorarrangement

J
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oouldbe ~ alt@gh at the probableaaorifloe of eaw ~f ormaaoe.
(8eetable1.) The @atcm=rolhkiMW@&mt mi@t alsobe advan-
tegeouaif the flow aadltlons aheadof the.fan wtie not Unifmtn,
with the remit that the”@iding d atabilizlngssffeotof a aet
of statarvanes.waazweded. &ma type of rotational-speedadjuetaent
la alaodaetiable,pertiaularlyon hi@-speed fans,in orderto avoid
bladeatalllngat the loweraltit~a where mailer vol-a of dr
are required. ,.. .) . . .... .“ . ..

. . O(MKZ*IO* “. . . .

The foll~ oonolneicma&e ilmlioated~ the resultsof the
pmeaentetwlyof the theory,design,aml .effeoton ooolingof the
oonatant-velooityaxial-flowI% aa related.to the problemof
hi@altitude airoraftengineoooling; ‘..

.“

1; An”axial-flowftimay be tiedto give a moderatepressure “
rice to a largeflow quantityof” dr. Typioalperfommanoeof 8
4-foot-dhnetersingle-etagerotor-atatorfan at 40,000-footalti-
tude 1s 9 inohesof waterpressureplea at a flow qqantityof
80,000oubihfeetper minute- a rotationalapaedof 3300-.

Z. Exieting theory provldea a aatiafaotory basic for the dedgn

of eLKlal-flowfana .
.“ . .

3. The uee of tiatlonary@de vanesand emallrotor tlp
olemmoes la eemential for effio~ent fan design.

. .

4. Further reeearoh 1s needed for the developmentof airfoil
aeotions..eepeolallysuitabl,efgm uee in high-spw~, high-solidity
rotors .

—
.“.

5. The 10ss98in internalOo@ing power
krge whezithe oool~ is marg-. .. “

60 An axial-flowfau mm thanpays for

. —
. . .

at high altittie are
..

.,

itself in ooolimz
power Bavedwhen OoolingOoxliticnio&e marginal.

~eY _ial AeronauticalLabaatory
‘ aletionalAdvi8~ Cmittee fm Aeronautiol!l

-Y Field,Va.

— -- . -.
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Fan

8taixxr-
rotom

Rotor-
etatoir

Rotor
alone

Bmm ON

M4xIm4-ImT MD coMPR5sIBqm!Y

CR-IOXS

(@O ()A= ‘Rota- PresaurelInputEffi-

‘o=~ %1=~
tlollal rise 1 oienoy
aped (Ill.of “ (hp) (per-

1 (rpn) water) oent)——..

2.12 2.17 2700 8.1 120 85.5

2.61 2.40 3310 9.1 133 65.6

2.61 2.40 3310 7.9 133 75.1

NationalAdviOoryCcmnittee
for AercmautioB
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m33iE11 - ILLUSTRATIVE FAN DIEXGN - STATOR-ROTOR COMBINATION
[NACA 6512 blade section]
.- ,

Fan quantity Source Calculated
. values

Rotor, 32 blades

x.-s
R.

r) ft

N mr=—
Vf

%c2r

Clr

Chord, Cr, in. from
or and 32 blades

czr for constant cpfi

wr/vf

vAp-fxi = cPfi
\

Apf

(-)

Ws= u~cd —
qf ~ a Vf

(c~o : 0.013, assumed)

Apf

Uz dr
= ~cdr+

(Cdr = 0.013, assumed)

()&?f
for 2.78-percent

%% clearance

Fig. 4

~Fipj.4 or
1-equation (23)

Fig. 5

Equation (40)

See stator
data

Equation (19)

Ftg. 3

0.776

1.552

1.649

0.595

0.85

3.11

0.7

2.22

2.17C

0.0174

0.024:

0. 18C

0.888

1.776

1.885

0.481

0.85

3.56

0.566

2,391

2.170

0,0151

0.0264

0.18C

1

2

2.122

0,396

0.85

4.01

0.466

2.58

2.170

0.0133

0.0285

0.180

National Advisory Committee
for Aeronautics
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TABLE II - ILLUSTRATIVE FAN DESIGN - Continued.

Fan quantity Source
I

Calculated
values

Rotor, 32 blades

Apf

()
=

~
resultant

- R)d.+(%)dr+(%),]
~Pf, in. water

cT

Section efficiency,
percent,

()Apf~ re8ultant
n =

output,

Input .

NCT

Q~pf, @

output hp
Av. efficiency’

Mean flow, deg,

@ . sin-l—+
. ‘rKf

- @ with no inter-
ference corrections f
and 8 and a. = 5.65

measured from zero-lift
line

B’ measured from chord line
for azo = 6.20

.—- .. . .- —.—.-.— — —

lquation(12)

lquation(15)

Fig. 5

lquation(34)

.-.—

I
1.948 1.948

8.14

1.365

86,6

8.14

1.207

85.6

26.77

7.11

33,88

27.68

102.5

120

24.71

5.74

30.45

24.25

L.948

8.14

1.090

84.2

.—

!2.82

4.74

~7,56

!1.36

National Advisory Committee
for Aeronautic
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TABLE II - ILLUSTRATIVE FAN DESIGN - Concluded.

Fan quantity source Calculated —
valuea

Stator, 39 blades

YCJ (Q&) ~—=
2 4N

s~ assumed to give
reasonable c1

a

:hord, c~, in. from OS
and 39 blades

:D& for D =0.08

~t for Uzn = 6.2°

Equation (2!5

Equation (16

Equation (8)

Equation (17

—

0.776:

0.329

1.275

3.83

0.516

1.051

0.981

0.0174

72.0

0.0682

0.58
2.88
17.41

57.47

63.67
——

0.888

0.288

1.116

3.83

0.516

L.0405

0.991

).0151

73.75

1.0524

0.62
2,11
16.44

59.42

65.62

1

0.2555

0.990

3.83

0.516

1.031

1

0.0133

75,70

0.0411

0.66
1.55
15 ● 55

61.70

67.90

National Advisory Committee
for Aeronautics
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TABLE III - ILLUSTRATIVEFAN DIWGN - ROTOR-STATOR

45

COMBINATION

[NACA 6512 blade eection]

Fan quantity Source ‘ Calculated
i values..—

Rotor, 32 bladea

x =—
Rro

r, ft

0.776

1.552

N (or
.5 2.022

arcZr Fig. 6 0.595

Or 0.85

Chord, Cr, in. from Or
and 32 blades

I
3.11

~pfl l~Flg.6 or ~ o ~cZr for constant .
~~equation (31),“
I

‘r/Vf \Fig. 7 1.994

(Apf

)(% ~ = Cpfi
Equation (40) 2.404

Apf

()

‘s= ~sCd —

‘f ds s Vf IS*e ~tator

(Gd~ =
‘OJ3157

0.013, assumed) data

Apf

()% dr
= ~cdr+

1

0.022C
(C% = 0.013, assumed) Equation (27)

—— ——

0.88E

1.776

2.316

0.455

0.85

3.5e

0.53C

2.287

2.404

0.0136

0.0253

1

2

2.609

0.358

0.85

4.01

0.421

2.58

2.404

0.0120

0.0285

—

National Advisory Committee
for Aeronautics
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TABLE III - ILLUSTRATIVE FAN DESIGN - Continued.

Rotor, 32 blades
— .-— —

()Apf for 2.78-percmnt
y% clearance Fig. 3

Apf

()~ resultant

Apf, in. water

cT Equation (28)

Section efficiency, porcentji

()Apf~ resultant
~ =-

NCT

output, Q.Apf, hp

Input = Output/Av. effi-
ciency, hp

@ . ein-l .&-, deg

13- flfor a. = 5.65

B

P’ for alo =6i20
—.——— —-..

Equation

I

Fig. 7

Equation

(15)

(34)

I

L-.——

0,200

2.166

9.06

1.227

87.2

.—

—...—

30.13

7.11

37.24

31.04

). 200

?.166

9.06

L.090

85.8

115

133

0.200

2.163

9.05

0.990

83.8

---r---

i

25.94 22.81

5.44 4.28

31.38 27.09

25.18 20.89

National Advisory Committee
for Aeronautics
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TABLE III - ILLUSTRATIW FAN DMUGN - Concluded.

Fan quantity I Source I Calculated
I I values

Stator, 39 blades

x

~= (Qy/qf)i—=
2 4N

13a (assumed )

Chord, CB, in; from
and 39 blade8

Y~

:= J-

2YB
c1
s ‘~

()

Apf ‘a= ~~cdB ~
–~ as f

@ . ~i~-l—l
%fi

!&@

f L

-1

for D = 0.08
5
p-fi-tl

P

P’ for at = -6.2°
0

?romrotor
calculationi3

Equation(8)

lquation(29)

‘lg.8 and
equations (35)
and (36)

0.776

0.297

1.159

3.49

0.513

1.041

0.986

).0157

73.69

).0562

0.525
0,67
19.42

93.78

87.58
..—

0.888

0,260

1.015

3.49

0.513

1.032

0.995

).0136

7s.51

).0432

0.58
0.45

17.68

93.64

87.44

1

0.231

0.901

3.49

0.513

1.026

1

).0120

76.90

)● 0340

0.63
0.31
16.31

93.52

87.32

National Advisory Conunittee
for AeronautIce
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TJ@LE IV . ILLUSTRATIVEFAN DESIGN - ROTOR ALONE

[NAcA 6512 blade SeCt$QD; 32 blades]

Fan quantity

x“

r

N

‘rcZr

or

Cr

()f@f=Cpfl for rotor
~i

E3tator

( ‘f’]rot.tionalenergY

%ame ae in table 111.

Source

(a)

—... —-—..

Calculated
values

(a)

-i

/

Equation (33)

National Advisory Committee
for Aeronautics

2.404

D,353

——

—.—.

(a)

?.4i)4

).270

.—

(a)

2.404

3.212
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,T&8LEIV - ILLUSTRATIVE

Fan quantity

.— —..—.

Apf

()

-—
qf ~

@f](-)‘If
resultant

.

(b)

@f, in. water

cT

Section efficiency, q

outputJ Q(Of)av ~p

Input. — output
Av. efficiency’

h~

@

D-$

P

9’
———.
%me as in table III.

FAN DKYIGN - Concluded.

Source

—.

(b)

1+b)

.J

1

J

(a)

— .—

valueB
-—

0.022

0.200

1.829

7.64

1.227

73.6

—.

0.025

()● 200

1.909

7.98

1.090

75.6
——

100

133

I

(a) (a)

L——

%ormulas and references same as in table III.

0.029

0●200

1,963

8.20

0.990

76.0
-—. -

(a)

National Advisory Committee
for Aeronautics



NACA ARR No. L4111e Fig. 1

Figure l.- Typical axial-flow-fan stage.
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Figure 2. - Rotor forces and velocities.



Fl~e 3.- Tip-olearanoelosses In percent of Ideal pressti rlso.
m

(Averageof ourvestakenfromreference2,)



(a) LOW N.

Fi~ure 4.- Stator-rotor design chart relating ideal pressure
rise, N, and Urc&
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NACA ARR No. L4111e Fig.

(b) High N.

Figure 4.- Concluded.
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(a) Low N.

Figure 5.- Stator-rotor combination design chart relating ideal
pressure rise, N, and Wr/ Vf ●



{b) High N. “- MAT IOUAL AOVISORY

cornml~t~ ~~ ASMAUTICS.

Figure 5.- Concluded.
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(a) Low N.

Figure 6.- Rotor-stator combination and rotor alone design
relating ideal pressure rise, N, and crrc~ro

chart
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(a) Low N.
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Figure 7.- Rotor- stator and rot.o~-alone design chart relating
“d-a’ n:pessure ri se,, l?,, and w,.~.p.



(b) High N.

Figure ~.- Concluded.
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FIWe 8.- Cascadelift ~aator f forhigh eol~dj.ty. (Worn reference 6.!



F@uro 9*- Ca80adeliftfaotor f forlow solidity.(Fromreferenoo6;)
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Figure 10. - Turbine action.
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NACA ARR No. L4111e Fig. lla,b

NATIONAL AOVISU8Y’

COMMITTEE FOR AERONALITI:S

(a) Fan ahead of cooler.

Coohng

/00)%
o / 2

(b) Fan behl.ndcooler.

Figure 11. - Schematlc coollng Installat,lon.



Figure 12-. Assumed nlaasflow M against alr-oooled engine %ntrance teqeratme Tllo
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F@u.re 13.- Graphical solution of equation (52)t
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(a) Large values of pressure ratio.
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Figure 14.- Graphical solution of equation (53).



(b) Small values of pressure ratio.

Figure 14.- Co~cludedO
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Figure15.. Coollng-alroondltlonagainstf’anprewmro rise.
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Figure 16.- Internal-cooling-powerloasetiagainstfac preswre rime.
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